Right angle magnetron sputtering (RAMS) was used to produce hydroxyapatite (HA) film coatings on pure titanium substrates and oriented silicon wafer (Si(0 0 1)) substrates with flat surfaces as well as engineered surfaces having different forms. Analyses using synchrotron XRD, AFM, XPS, FTIR and SEM with EDS showed that as-sputtered thin coatings consist of highly crystalline hydroxyapatite. The HA coatings induced calcium phosphate precipitation when immersed in simulated body fluid, suggesting in vivo bioactive behavior. In vitro experiments, using murine osteoblasts, showed that cells rapidly adhere, spread and proliferate over the thin coating surface, while simultaneously generating strong in-plane stresses, as observed on SEM images. Human osteoblasts were seeded at a density of 2500 cells cm −2 on silicon and titanium HA coated substrates by RAMS. Uncoated glass was used as a reference substrate for further counting of cells. The highest proliferation of human osteoblasts was achieved on HA RAMS-coated titanium substrates. These experiments demonstrate that RAMS is a promising coating technique for biomedical applications.
Introduction
Stainless steel, titanium and titanium alloys are used worldwide in orthopedic clinical procedures for bone substitution and repair because of their superior mechanical properties and biocompatibility [1, 2] . In spite of their intensive use in such applications, sustained efforts have been made over the last two decades to improve their surface bioactivity and compatibility. Research in this field has mainly focused in two directions: (i) developing mechanical and chemical treatments to activate the metal surface bioactivity [3, 4] ; and (ii) covering the metal surfaces with a suitably active biomaterial, such as hydroxyapatite. Both approaches have been used in commercial implants of titanium but a complete solution to this problem is still far from being achieved. In general, the titanium surface is treated mechanically and chemically in order to give it an appropriate texture and/or to produce new chemical species on the surface that improve the tissue bonding. On the other hand, the majority of the commercially coated implants utilize a plasma spraying technique to bind hydroxyapatite to the metal surface [5, 6] . The plasma spray coating procedure is fast, inexpensive and produces reasonably adherent calcium phosphate coatings on the metal surfaces. However, it involves a high-temperature process which causes the coatings to be inhomogeneous and also induces multiple mineral phases, being some of them amorphous. This contributes to instability and degradation of the implant. In order to overcome these limitations, and produce coatings with controlled stoichiometry and crystallinity, several techniques have been developed recently using biomimetic methods [7] , electrochemical deposition [8] , sol-gel [9] , ion-beam assisted deposition [10, 11] , electronbeam evaporation [12] , laser assisted deposition [13] and magnetron sputtering [13, 14] .
Several papers have demonstrated that radio frequency (at 13.56 MHz) magnetron sputtering (RFMS) is a promising technique having the following advantages: high depositing rates, relatively low deposition temperatures, good thickness control, better adhesion between coating and substrate and improved control over coating stoichiometry [15, 16] . However, the as-sputtered coating is usually not crystalline and requires a post-deposition heat treatment to transform the amorphous calcium phosphate phases into crystalline hydroxyapatite [17] [18] [19] [20] [21] .
It is well known that magnetron sputtering in the presence of oxygen also results in a bombardment of the substrate with positive argon ions attracted by the negative oxygen ions which, in turn, results in preferential back-sputtering of already-deposited material, and both alters the chemical composition, causing degradation of the crystallinity. The result is that an amorphous contribution is predominant and thermal treatments at high temperatures (800
• C) are necessary to induce crystalline phases. This additional treatment increases the cost of the coating process and may result in loss of coating adhesion to the substrate due to different thermal stress.
In depositing thin films of oxide-based superconductors it was early discovered that superior films could be prepared (with respect to crystallinity and chemical composition) by setting the substrate at right angles relative to, and to the side of, the sputter-gun axis; although this produced superior films, the deposition rates (and target utilization) suffered badly. Our group has developed an arranging of two sputtering guns backto-back. By setting again the substrate and gun axes at right angles, superior HA films and much higher deposition rates could be achieved [22] .
Here we demonstrate that the right angle magnetron sputtering (RAMS) geometry also produces superior HA films. This is confirmed by synchrotron x-ray diffraction (SXRD) studies which show that HA is the only crystalline phase present in the as-sputtered thin coating and that the HA film crystallinity is comparable to stoichiometric HA powder sintered at temperatures higher than 1100
• C. Coatings with such characteristics were produced by RAMS on silicon and titanium substrates with both flat and engineered (machined and patterned) surfaces. The coatings were then immersed in simulated body fluid (SBF) and the formation of a new calcium phosphate precipitate on the coating surface was observed. In addition, murine osteoblast cells were seeded onto flat and engineered coatings and the behavior of cells on these different surfaces was analyzed by scanning electron microscopy (SEM). Finally we compared the human osteoblast proliferation rate of a reference substrate with that of HA coatings produced by RAMS over silicon and titanium substrates.
Materials and methods

Target and substrate preparation
Hydroxyapatite targets were prepared by uniaxially pressing powdered stoichiometric HA under 30 MPa. Discs 25 mm in diameter and approximately 3 mm thick were then sintered at 1100
• C for 2 h. Substrates were cut from polycrystalline titanium sheet and (0 0 1) silicon single crystal wafers. All the samples were ultrasonically cleaned with acetone, washed in deionized water, immersed in a solution of hydrofluoric acid 10% v/v for 10 min [23] . After that, they were washed in deionized water, and dried under high pressure nitrogen flow. All the sample preparation steps were performed in a laminar flow hood.
Opposing magnetron sputtering system and film deposition
The opposing magnetron sputtering system consisted of two water-cooled sputtering guns facing each other. The magnetic field was provided by cylindrical neodymium iron boride permanent magnets located inside the copper electrode of each gun (where the water flows); these magnets were oriented such that the magnetic field was maximal in the space between the guns where the plasma was concentrated. The guns were attached to the sputtering chamber, which is a commercial six-way cross with a volume of about 1 l, via quick-connect vacuum flanges. The two opposing HA targets were bonded to thin permalloy (NiFe) discs which were held against the gun electrodes by the field generated by the gun magnets. The substrate holder was positioned at right angles to the two targets at a distance of about 18 mm [24] .
In all the experiments the sputtering gas used was a mixture of ultra-high purity oxygen and argon with partial pressures set at 6.66 × 10 −1 Pa (5.0 mTorr) and 1.33 × 10 −1 Pa (1.0 mTorr), respectively. The RF power varying from 100-130 W was applied to the two opposing targets through an impedance matching pi-network. Special precautions were taken in order to remove contaminants from the chamber and targets. Before initiating the sputtering process, the chamber was evacuated with a turbo pump to a base pressure lower than 1.33 × 10 −4 Pa (10 −6 Torr). The chamber gas species (including the injected oxygen and argon) were continuously monitored using a residual gas analyzer (RGA). A pre-sputtering of the targets was carried out before every deposition. During this process the substrate was protected from contamination by a shutter placed between the targets and the substrate. Under the ambient conditions the temperature of the substrate holder rose to around 60
• C. The maximum deposition time used in this work was 3 h.
Two series of films were prepared under the same conditions.
One series was prepared for structural characterization and the other for bioactivity and cell culture studies. The first series utilized RF powers of 100 W, 120 W and 130 W and deposition times of 2.5, 15, 30, 60 and 180 min. After the XRD, FTIR and XPS analyses, the first series of films were annealed at 400 and 600
• C for comparative studies.
Calcium phosphate coatings were deposited on Si and Ti substrates for cell culture studies. In one group HA was deposited on half of the Si surface while the other half was covered. We refer to the region coated with an HA layer as 'HA/Si', and the other side (with a native silicon surface) as 'Si/Si'. Similar samples were prepared on Ti substrates with HA deposited on one half with the remaining half bare; we refer to the HA covered region as 'HA/Ti', and the bare Ti side on the same substrate as 'Ti/Ti'. We will call substrates prepared in this way biphasic.
For cell culture experiments, HA coatings were either sputter deposited onto micro-grooved silicon substrates (groove width = 68 µm, step width = 38 µm, groove depth = 100 µm) to form a 'step and groove' pattern; or photolithographically patterned after deposition using hydrochloric acid as an etchant, to generate a 'cylindrical pillar' pattern (diameter = 60 µm, height = 1 µm)
Film characterization
Film thickness was measured with a Tencor P-10 surface profiler (KLA-Tencor, CA, USA). X-ray powder diffraction (XRD) was performed using synchrotron radiation (at the Brazilian Synchrotron Light Laboratory: LNLS/Campinas/Brazil) to investigate mineral phases, degree of crystallinity and preferential orientation of the films. The XRD patterns were recorded at a beamline energy of 9.0 kV (λ = 1.377Å) and scanned in steps of 2θ = 0.05
• , in the range 5-60
• at a dwell time of 2 s per step.
Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) experiments were performed using a Thermo Nicolet Nexus 870 FTIR spectrometer with a Tabletop optics module. The spectra were collected over a range of 400-4000 cm −1 with a resolution of 4 cm
and averaged over 256 scans to characterize the phosphate, hydroxyl and carbonate functional groups. X-ray photoelectron spectroscopy (Omicron ESCAPROBE, Taunusstein, Germany) was used to determine the film surface composition.
All surface spectra were obtained over the range of 0-1000 eV. When operating at an anode voltage of 15 kV and an emission current of 20 mA with the Al Kα source, the x-ray penetration depth is less than 100Å. The Ca/P ratio was extracted from the ratio of the corresponding integrated peak area after removal of the linear background; the sensitivity factors of the two elements were obtained beforehand by calibrating with powder samples of known composition.
Atomic force microscopy (AFM) images were obtained in the tapping mode with a digital instruments (Santa Barbara, CA) nanoscope atomic force microscope.
In situ calcium phosphate formation in simulated body fluid (SBF)
A film deposited for 3 h at 120 W was kept in a SBF solution (for details see Takadama et al [25] ) for 10 days in order to estimate the film capacity for stimulating the formation of a calcium phosphate deposit on its surface.
Cell culture
Experiments for murine cells growth behavior.
Cells were isolated from the endosteal region of a Balb/c mouse femur by using enzymatic digestion (for details see Balduino et al [26] ), and seeded onto the substrates in order to assess the growth behavior of the osteoblasts on surfaces whose topography and chemistry are well known. Approximately 2.0 × 10 4 osteoblasts in DMEM (Dubelcco's modified Eagle medium), supplemented with 10% bovine fetal serum, were seeded and the whole assembly was incubated at 37
• C under 5% CO 2 .
For seeding, a small drop of the medium containing the cells was deposited on the surface to be studied in specific regions (e.g., part of the drop covering a HA/Si or HA/Ti and the other part over the Si/Si or Ti/Ti region, respectively).
After growth times of 3 h, 24 h, 48 h and 72 h, the samples were fixed in glutaraldehyde 2.5% in 0.1 M sodium cacodilate buffer for about 2 h. Thus, they were washed in the buffer, postfixed for 30 min in 1% OsO 4 in the same buffer and washed again. Afterwards, they were dehydrated in a graded series of ethanol, critical point dried with CO 2 , and sputter coated with gold in a Balzers apparatus. Analysis of the samples was performed in a JEOL 5310 scanning electron microscope operated at 20 kV.
Experiments using human osteoblasts.
For these cell culture studies, uncoated glass was used as a reference substrate. All substrates were sterilized under UV light exposure for 4 h prior to the cell experiments. Human osteoblasts (bone-forming cells; CRL-11372 American Type Culture Collection, population numbers 7-8) in Dulbecco's modified Eagle medium (Gibco) supplemented with 10% fetal bovine serum (Hyclone) and 1% penicillin/streptomycin (Hyclone) were seeded at a density of 2500 cells cm −2 onto the compacts of interest and were then placed in standard cell culture conditions (that is, a humidified, 5% CO 2 /95% air environment) for 4 h. After the prescribed time period, substrates were rinsed in phosphate buffered saline to remove any non-adherent cells. The remaining cells were fixed with formaldehyde (Aldrich Chemical Inc., USA), stained with Hoescht 33258 dye (Sigma), and counted under a fluorescence microscope (Zeiss Axiovert 200M). Five random fields were counted per substrate. All experiments were run in duplicate. Standard t-tests were used to check statistical significance between means.
In vitro experiments using both murine and human osteoblast cells have followed the international guidelines for care and use of animal cells. 
Results
Film preparation and characterization
Calcium phosphate films were produced on silicon (0 0 1) and on titanium substrates using different RF powers and sputtering times. These parameters were varied in order to determine the best condition to form stoichiometric and crystalline hydroxyapatite on the substrate surface without the interference of additional calcium phosphate phases. It was observed that film crystallinity was very sensitive to RF power. As shown in figures 1 and 2(c), as sputtered crystalline HA films were obtained for RF powers higher than 100 W. High qualities HA coatings were obtained on both substrates for sputtering times of 180 min with 120 W RF power. Under these conditions the thickness of the coating was about 500 nm. For shorter sputtering times (thickness < 300 nm) stoichiometric hydroxyapatite was also produced, however the films were highly amorphous. In these cases crystallinity could be improved by heat treating the samples at a moderate temperature (lower than 500
• C) as shown in figure 2(b) .
The XRD pattern of 180 min and 120 W films on Ti and Si(0 0 1) substrates are shown in figures 1 and 2(c) respectively. All HA peaks were identified and the amorphous contribution was very small. The HA peaks have 0.1
• linewidth which is smaller (corresponding to more crystalline material) than the HA powder annealed at 1100
• C. A thermal treatment at 400-600
• C did not improve the crystallinity of 180 min films on Si(0 0 1) and Ti substrates as determined from the linewidth observed on the XRD patterns. However, the thermal treatments contributed to a preferential orientation along the HA c axis direction [0 0 2] ( figure 2(b) ) when applied to the previously amorphous 100 W film, as shown in figure 2(a) .
The XRD results were supported by measurements of FTIR spectroscopy. The main FTIR bands for films sputtered for 3 h are characteristic of well crystallized HA. The HA band at 3570 cm −1 and at 630 cm −1 is strong and narrow, indicating that the OH sites are well ordered. The same behavior is seen with PO 3− 4 bands in the 1000 cm −1 and 500 cm −1 region, which are more resolved than the bands of a powdered HA sample after thermal treatment at high temperatures, as shown in figure 3 . The above results are clear evidence that magnetron sputtering in the right angle geometry can produce highly crystalline HA coatings on metallic substrates without any post deposition thermal treatment as also showed by some of our previous results [27] . The film surfaces, on which cells were seeded, figures 4(a) and (b), are nearly homogeneous with an (root mean square) rms-roughness of about 10 nm for films grown on silicon; a considerably larger roughness is seen when titanium substrates are used. In general, the film morphology follows the texture of the substrate surface. The surface composition of the 180 min films, determined by XPS spectra, showed the calcium, phosphate and oxygen peaks of only a single mineral species and the Ca/P and O/P ratios were close to those for stoichiometric HA (see figure 5) . A carbon peak (of inorganic origin) at 285 eV suggests that carbonate was formed on the HA surface when the film was exposed to the atmosphere after removing the samples from the chamber.
Film behavior in simulated body fluid (SBF)
An as-sputtered calcium phosphate film with controlled stoichiometry, roughness, crystallinity and thickness was immersed in SBF for 10 days. After that time a wellcrystallized mineral phase composed of plate-like crystals was formed on the film surface as shown in figure 6 . The EDS analysis confirms that those crystals were associated with calcium phosphate. This result agrees with other reports [28, 29] .
Cells culture on HA coated substrates
Osteoblast cells adhesion density, in cells cm
−2 , for all substrates is illustrated in figure 7 . The results obtained from cell adhesion experiments showed greater adhesion of osteoblasts to HA coated titanium and HA coated Si compared to glass reference (figure 7). In addition, osteoblast adhesion was greater on HA coated titanium compared to HA coated Si, which might be attributed to differences in the surface roughness between the coatings. Since adhesion of osteoblast is a prerequisite for their deposition of bone, these results suggest greater long term functions of osteoblast on HA coated titanium.
HA coatings homogeneously distributed over the silicon and titanium substrates, as well as films having special topographies, were also studied in order to assess the osteoblast behavior on both smooth and complex surfaces. For this kind of investigation the RAMS technique is convenient because various coating characteristics such as thickness, roughness and stoichiometry can be easily controlled. We found that murine osteoblast cells are strongly attached to the HA coating and rapidly spread over the surface of the substrates. On Si(0 0 1), where the HA coating was not well bonded to the substrate, it was observed (see figure 8 ) that the tension produced by cell attachment was so strong that the coating detached from the substrate surface at various places. Figures 9(a)-(d) show some distribution patterns of osteoblast cell growth on a Ti substrate for which half was coated by HA (HA/Ti region) and the other half was uncoated (Ti/Ti). Cells in the Ti/Ti region were usually present in lower concentrations than in the HA/Ti regions (figures 9(a) and 9(b) respectively). Moreover, the projected area of the 
region (figures 9(c) and (d)).
Right at the interface, a different pattern of cell distribution was also seen (possibly related to the surface topographies and chemistry). Some cells aligned parallel to the separation line at the interface ( figure 9(c) ). Also, we found that the cells are oriented perpendicularly to the interface, in some specific regions of the Ti/Ti, as shown in figure 9(d) .
3.4.
Cell culture studies on engineered HA substrates 3.4.1. The step and groove scaffold. The HA coatings were also deposited over Si(0 0 1) substrates which were machined, using a diamond saw, forming parallel grooves for further cell culture studies ( figure 10(a) ). Just after seeding, most murine osteoblast cells were found at the bottom of the grooves, due to the capillarity effect caused by the step and groove topography ( figure 10(a) ). Cells observed 3 h after seeding mostly remained at the bottom of the grooves. Some cells had already spread out, mainly elongating parallel to the groove axis and along the striations resulting from sawing the grooves; (figure 10(b)) a few other cells had a more circular geometry (not shown). After 48 h, a different cell distribution pattern was observed. The scaffold's upper surface (the un-cut Si surface) appeared almost completely covered by cells, with different cell densities. In some areas, it was clearly observed that cells were migrating up the step wall in the direction of the upper surface of the scaffold ( figure 10(c) ). In some cases, it was observed that the cells bridged two of the step walls without touching the bottom of the groove, indicating that they were climbing the two walls simultaneously ( figure 10(c) ). In other regions of the same scaffold, a continuous layer of cells was formed at the upper surface, with the cells forming bridges over the gap caused by the grooves ( figure 10(d) ).
3.4.2.
The cylindrical pillars. After HA deposition some Si(0 0 1) substrates were properly photo-lithographically patterned into cylindrical pillars. Murine osteoblast cells seeded on this scaffold rapidly spread across the Si region of the substrate ( figure 11(a) ) in as little as 3 h after seeding. In this case the cells were extremely flat. Cells could also sense the very small step caused by the presence of the very short cylindrical pillars (<1 µm in height) surrounding the pillars (figure 11(a) and cell on the left side of figure 11(b) ). In a second moment cells spread over the cylindrical walls of the pillars (cell on the right side of figure 11(b) ). Afterwards, cells proliferated and completely covered the pillars ( figure 11(c) ).
Cells are attached firmly to the HA cylindrical pillars, as can be observed in figure 11(d) and inset, where the film layer has broken laterally, probably due to tension caused by the cell on spreading. The inset in figure 11(d) also suggests that the HA crystallites of the film layer have a columnar structure and are arranged with the [0 0 2] (c-axis) direction perpendicular to the substrate surface, since they appear as needle-like structures, all lying parallel with the long axis perpendicular to the surface.
Discussion
In this work we produced different calcium phosphate thin coatings using a RAMS technique. This new design permits the production of stoichiometric and crystalline as-sputtered coatings of phase-pure HA, which is apparently not possible with the plasma spray technique or even with conventional magnetron sputtering. The thickness was easily controlled by varying the sputtering time, and crystallinity was dependent on the RF power. For films thinner than 100 nm, high crystallinity and preferential orientation could be obtained with thermal treatment at moderate temperatures up to 500
• C. HA films on Si appear to orient as a consequence of epitaxial growth, with the hydroxyapatite c axis being perpendicular to the substrate surface, as shown by the XRD patterns ( figure 2) . In regions where the HA layer detaches from Si substrate allowing a cross-sectional view to be obtained by SEM ( figure 11(d) ), several needle-like HA crystallites arranged in parallel columns and perpendicular to the surface were seen, which revealed that films had a columnar structure. The roughness and adhesion to the substrate of the coatings is related to the nature of substrate surface and to the sputtering conditions. In this work, no special roughness was performed onto substrate surfaces by chemical or mechanical treatment, prior to HA deposition, since coating adhesion was not the focus of this investigation. We used smooth and nonporous coatings in order to facilitate: (i) characterization of the coating structure, and (ii) observation of the contact between cell and coating. A detailed study of the conditions that optimize coating adhesion to the substrate is in progress.
Coatings on silicon were smoother and more homogeneous, but showed less adhesion to the substrate than films grown on titanium. The high homogeneity of the HA layer was confirmed by both SEM analysis and the morphology of cells grown over the layers. So, that cells spread homogeneously over the whole layer. However, in some regions the film layer displayed a poorly defined contour (not shown) with the HA layer ending as a wedge, with a less dense material and discontinuities of the HA layer. Also the film layer detached from the substrate in several regions, mainly for the Si substrate large area. This was probably due to the very flat and smooth structure of the silicon substrate and the sample preparations for the SEM analysis. These constraints were not an impediment for the present study as we could observe cells in both the uncovered and sputtercoated regions of the substrates. For the case of Ti, the surface had a higher roughness, which implies that the cells can attach more strongly to the sputtered film layer.
The cells seeded onto HA coated Ti substrates produced by RAMS showed that this technique is more favorable. This result is a strong indication that RAMS has the potential to produce bioactive coatings for biomedical applications. Some challenges for the near future are posed, e.g. optimizing the sputtering parameters and using chemically and/or mechanically treated Ti substrates in order to optimize the coating adhesion to the substrate.
In addition, the production of flat, homogeneous, thin and chemically controlled HA-coated surfaces is essential if one is to carry out controlled in vitro studies in which the same topography but chemically different surfaces are studied. The fact that our RAMS produces uniform coatings permits cell density, spreading proliferation, and overall morphology to be easily analyzed for two chemically different substrate surfaces at the same time, under conditions where the same number of cells are seeded. The in vitro experiments using osteoblast cells derived from Balb/c mouse femurs seeded onto Si, Ti and thin HA coatings revealed some interesting examples of cell behavior when in contact to different materials surfaces. The experiments show that osteoblasts have a special behavior on Si surface: they rapidly adhere and spread over the surface, becoming very flat following the surface morphology. These results may suggest a high surface wettability for Si as previously shown by others [30] . The strength of osteoblast interaction with the material surface could be observed when cells were seeded on an HA film surface; SEM images show that in some cases even when the film has broken, cells became attached to the coating, showing the strong mechanical forces exerted by cells at the adhesion regions ( figure 8) . In other situations, it seems that the cell creates enough stress to detach the film and break it ( figure 11(d) ). When cells are in contact with a complex scaffold, such as a Si groove pattern, they can easily migrate from the bottom (not coated with HA) to the top of the groove (coated with HA) by crawling two walls simultaneously.
Conclusions
A RAMS system has been shown to produce crystalline HA thin coatings without the need for in situ or ex situ annealing. In vitro cell culture studies have demonstrated that the as-sputtered HA coatings promote the growth of osteoblast cells. Cells attached to all coated surfaces, and experienced a continuous change in surface morphology as they proliferated with time, presenting specific morphological patterns in the different surfaces and interfaces. In summary, this result suggests that RAMS may be a promising alternative to the plasma spray technique for depositing HA coatings on metallic implants, in addition to being a good model for in vitro studies on the interaction of osteoblast cells with bioceramic surfaces.
